INTRODUCTION
Epigenetic deregulations that underlie the development of leukemia can be in one of two major categories: changes in the DNA methylation state and alterations in the histone modification pattern (1) . The interaction of these two processes represents an important mechanism of epigenetic tumor suppressor gene (TSG) inactivation in the pathogenesis of human cancer (2) . In the clinical trials to date, demethylation of crucial genes, such as cell cycle regulation and pro-apoptotic genes by DNA methyltransferase (DNMT) inhibitors in myeloid neoplasm is thought to be mediated through the reversal of epigenetic silencing (1, 3) . However, since DNA methylation is thought to be a secondary event, and histone methylation can be a trigger in the silent state, it is possible that histone methyltransferase (HMT) inhibitors may replace DNMT inhibitors in epigenetic therapies (4, 5) .
Histone 3 lysine 9 (H3K9) methylation, which was catalyzed by the histone methylase SUV39H1 and followed by the recruitment of heterochromatin protein 1 (HP), is recognized to be an inactive mark associated with transcriptional repression and heterochromatic states. In addition, H3K9 is recognized as an inactive mark associated with transcriptional repression and heterochromatic states. Interaction of SUV39H1-HP1 with histone deacetylase (HDAC) is involved in this inhibition by retinoblastoma (Rb) protein (6 concert with to DNA methylation via MeCP2, MBD1, and DNMT binding (7) . SUV39H1 double-null mice are characterized by genomic instability and further increased risk of lymphoma in response to oncogenic Ras (8) . However, its mutation is rare in epithelial cancers. Meanwhile, SUV39H1 is upregulated and associated with DNMT1 elevation in colorectal cancer (9) . It was also found to be overexpressed in lung cancer cell lines, in which suppression of SUV39H1 by siRNA induced apoptosis in vitro (10) . Suppression of SUV39H1 by siRNA also produced similar effects in acute myeloid leukemia (AML) cells (11, 12) . In patients with an acute phase of chronic myeloid leukemia (CML) and patient with AML, strong methylation of H3K9 and all isoforms of HP1 are detected in granulocytes (13) .
Epigenetic silencing of TSGs has been shown to occur in various hematopoietic neoplasms associated with cell proliferation and differentiation (2) . Such as loss of p15 expression is common in AML and myeloid dysplastic syndrome (MDS) through several different mechanisms. Cancers characterized by the loss of E-cadherin (CDH1) undergo either the promoter hypermethylation or methylation independent events, which may, for example, result from the loss of a transactivating protein. Frizzled family receptor 9 (FZD9), a TSG on chromosome 7, is most frequently found in aberrantly methylated genes and its aberrant methylation combined with cytogenetic abnormalities to predict a poor clinical outcome in MDS (14) . Thus, p15, CDH1, and FZD9 are TSGs that have been frequently linked to pathology in AML and MDS.
Chaetocin, a specific inhibitor of SUV39H1, potently induces cellular oxidative stress, thus selectively killing cancer cells (15) (16) (17) . It has been reported to have potent anti-myeloma activity in vitro and in vivo (18) . Inhibition of SUV39H1 results in reduced H3K9 methylation and enhanced expression of p15 and CDH1 in AML cell lines without promoter demethylation (11, 12) . Meanwhile, the histone deacetylase inhibitor trichostatin A can reactivate gene silencing and have efficacy against leukemia in preclinical (4). Thus combined treatment with an HMT inhibitor and an HDAC inhibitor might form the optimal basis for reversing epigenetic gene inactivation and resensitizing leukemia cells to anti-tumor treatments (12, 19) . Combined epigenetic therapy with the HMT inhibitor chaetocin and the HDAC inhibitor TSA has not yet been tested. In the present study, the effects of chaetocin alone and in combination with TSA, were evaluated in human leukemia cells.
MATERIALS AND METHODS

Reagents
Chaetocin and TSA were obtained from Sigma Aldrich (Oakville, ON, Canada). Annexin V-FITC was obtained from BD Biosciences (San Diego, CA, USA). Monoclonal anti-trimethyl histone 3 lysine 9 was obtained from Abcam (Cambridge, UK). Anti-poly (adenosine 5-diphosphate-ribose) polymerase (PARP) and antiacetyl histone H3 lysine 9 antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Polyclonal anti-SU-V39H1 was purchased from Millipore (Temecula, CA, USA). Anti-β-Actin, normal IgG, horseradish-peroxidase conjugated secondary antibodies were acquired from Santa Cruz Biotechnology (Santa Cruz, CA, USA).
Cell lines and cell culture
All cell lines were obtained from American Type Culture Collection (Rockville, MD). HL60 (AML M3), KG1 (AML M6), K562 (chronic erythroleukemia in blast crisis), THP1 (AML M5), Kasumi (AML M2) carrying the t[8; 21] AML1-ETO fusion were used in this study. All cells were cultured in RPMI-1640 media supplemented with 1% penicillin/streptomycin and 10% heat inactivated fetal bovine serum (FBS) (all from Gibco-BRL, Grand Island, NY, USA) except Kasumi in media supplemented with 20% FBS. Cells were cultured in 5% CO2 at 37°C in humidified air. Medium was changed every 2 to 3 days, and cells were passaged at a density of 0.25 × 10 6 /mL. Logarithmically growing cell cultures were used for all experiments described below.
Patient samples
AML samples were obtained with informed consent in accordance with the Declaration of Helsinki as part of a clinical protocol approved by the Institutional Review Board of the Chonnam National University Hwasun Hospital. Fresh bone marrow (BM) aspirate samples at diagnosis were collected and separated for mononuclear cells, as previous described (19) . 1 × 10 6 cells were incubated in six-well plates in the presence or absent of 100 nM of chaetocin with or without 1 µM of TSA for 18 hr at 37°C in 5% CO2 humidified air. The drug concentrations were selected based on our results of cell lines.
Assessment of apoptosis of AML cells
For cytometric evaluation of apoptosis in AML cell lines, untreated and drug treated cells were washed with cold PBS and resuspended in 1 × Binding buffer. Cells were stained by incubated with 5 µL of annexin V (Pharmingen, San Diego, CA, USA) and 10 µL of propidium iodide (PI) (Invitrogen) for 15 min in the dark at room temperature, and the percentage of apoptotic cells were determined by flow cytometry within 1 hr.
Western analysis
Western blotting analysis of total protein lysates was performed as previously described (19) . Briefly, cell pellets were washed twice with 1 × PBS, resuspended in RIPA buffer supplemented with a protease inhibitors (1 mM phenylmethylsulfonyl fluoride, 1 µg/mL leupeptin, 1 µg/mL pepstatin-A, 1 µg/mL aprotinin, 1 mM sodium orthovanadate, and 1 mM sodium fluoride), and incubated on ice. Cell lysates were centrifuged at 12,000 One hundred micrograms of total cell lysate were separated by SDS-PAGE and blotted onto a membrane. The membranes were blocked in blocking solution, incubated with primary antibodies (e.g. PARP) over-night, and secondary antibodies for 1-2 hr. After that, the blots were developed by using a two-component ECL detection reagent (GE Healthcare, Buckinghamshire, UK) and exposed to scientific imaging film. Immunoblot analyses were performed at least twice, and representative blots were subjected to densitometric analysis. Densitometry was performed using Multi Gauge v3.2 software (Fuji film Corporation, Tokyo, Japan).
Reverse transcriptase PCR and real-time PCR
Total RNA was harvested using TRIzol (Invitrogen) according to the manufacturer's instructions and reverse transcribed using a SuperScript First-Strand Synthesis kit (Invitrogen). All samples were plated in triplicate, and then loaded onto a 72-well RotorGene RG-3000 (Corbett Research, Sydney, Australia) with a 10 μL final reaction mixture containing 250 nM of each primer, 1 × SYBR Green (Takara, Tokyo, Japan), and cDNA. The primer sequences are listed in Table 1 . The reaction mixture was preheated to 95°C for 10 sec, followed by 45 cycles of 95°C for 10 sec, 60°C for 20 sec, and 72°C for 20 sec. All reactions included negative controls where reverse transcriptase was omitted.
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) assay were performed, according to the manufacturer's protocol (Upstate Biotechnology, Temecula, CA, USA). The primary antibody (anti trimethyl H3K9) and rabbit IgG (negative control) were used. For quantitative assessment of p15, CDH1, and FZD9 in the chromatin immunoprecipitates, real time PCR using SYBR Green (Takara, Tokyo, Japan) was performed. Amplified products were normalized to the non-specific glyceraldehyde 3-phosphate dehydrogenase (GAPDH) promoter enrichment. Relative enrichment in the chromatin immunoprecipitates was normalized against p15, CDH1, and FZD9 in the input samples. Primer sequences are listed in Table 1 .
Isolation of histones
Histones were isolated by a modification of a previously described method (20) . After the designated treatments, cells were harvested and incubated on ice cold histone isolation buffer (PBS containing 0.5% Triton X-100 (v/v), 2 mM phenylmethylsulfonyl fluoride, and 0.02% NaN3) on ice for 10 min with gentle stirring. Nuclei were pelleted by centrifuge at 6,500 × g for 10 min at 4°C and washed briefly with the histone lysis buffer. The nuclei were resuspended in 0.2 N HCl and the tubes were incubated overnight at 4°C. The acid-treated nuclei were centrifuged for 10 min at 6,500 × g. The supernatants were removed to a clean microcentrifuge tube, and 1 mL acetone was added. Histones were precipitated from the acid extracts overnight at -20°C. The extracted histones were centrifuged briefly at 10,000 rpm, air dried, and resuspended in 50 μL water. Protein concentrations were quantified as described above. For Western blot, 1 to 3 μg of purified histones were used per condition.
Statistical analysis
All statistical analyses were performed with the program SPSS 13.0 for Windows. Significant differences between values obtained in a population of leukemic cells treated with different experimental conditions were determined using the MannWhitney U-test. P values < 0.05 were assigned significance.
Ethics statement
This study was approved by the institutional review board of the Chonnam National University Hwasun Hospital in Hwasun, Korea (IRB No. CNUHHIRB . At the time of samples collection, all cases and control subjects provided informed consent to participate in this study.
RESULTS
Chaetocin treatment induces apoptosis and increases tumor suppressor gene expression in myeloid cell lines
In the earlier studies, chaetocin had a cytotoxic effect on Drosophila cell (15) , and on myeloma (18) . Chaetocin and SUV39H1 shRNA substantially increased cell cycle arrest in human leukemia AML-193, KG1, and U937 cells (11, 12) , as well as microglial cells (21) . In this study, we first assessed the biologic effect of chaetocin on different representative cell lines-HL60, KG1, Kasumi, K562, and THP1-on apoptosis by Annexin V staining. Treatment of these cells with increasing doses of chaetocin (0-500 nM) for 24 hr induced greater apoptosis (Fig. 1A) . Next, these results were confirmed by Western blotting after treatment with chaetocin for 24 hr. Exposure to chaetocin dose dependently induced caspase-dependent cleavage of PARP to a greater extent in myeloid cells (Fig. 1B) . Moreover, chaetocin induced apoptosis in a time dependent manner (Fig. 1C) . Re-expression of epigenetically silenced TSGs as a result of SUV39H1 inhibition has been reported (11) . We ourselves previously described increased p15 and CDH1 mRNA expression in KG1 and Kasumi cells. We next determined the effects of various concentrations of chaetocin treatment on expression of the p15, CDH1, and FZD9 genes in the myeloid cell lines. The results showed that treatment with 100-200 nM chaetocin resulted in strong re-expression of epigenetically silenced/weakly expressed p15, CDH1 and FZD9 genes in HL60, KG1, and Kasumi cells, as well as re-expression of CDH1 and FZD9 in K562 and THP1 cells (Fig. 2) (P < 0.05). They also revealed p15 deletions in K562 and THP1 cells, as indicated by the lack of a p15 signal in those cell lines, according to the characteristic of these cell lines.
Chaetocin dose-dependently reduces histone methyltransferase protein levels and subsequently lowers histone H3K9 methylation in tumor suppressor gene promoters In Drosophila SL-2, chaetocin has been demonstrated to deplete the activity of SUV39H1 (15) . Consistent with this report, treatment of HL60, KG1, Kasumi, K562 and THP1 myeloid cells with chaetocin dose-dependently reduced SUV39H1 protein levels (Fig. 3A) , which can lead to the inhibition of H3K9 methylation. Recently, chaetocin was shown to reduce SUV39H1 and H3K9 trimethylation in the promoter regions of the p21 (21), p15, and CDH1 (11) genes. In our study, ChIP assays were performed using anti-trimethyl-H3K9 to analyze the effect of chaetocin on the p15, CDH1 and FZD9 promoters in these cell lines. The result showed that the levels of trimethylation of H3K9 in the p15, CDH1 and FZD9 promoter regions decreased relative to the untreated control cells in HL60, KG1 and Kasumi cells (Fig. 3B) . Also, this association with the CDH1 and FZD9 promoters was down-in regulated K562, and THP1 cells compared to untreated control cells (Fig. 3B) .
Co-treatment with chaetocin and TSA dramatically induces apoptosis and enhances tumor suppressor gene re-expression
The IC50 values of the HDAC inhibitor TSA for apoptosis in different cell lines were determined by flow cytometry (data not shown). The concentration 1 µM of TSA caused cell death in these cells. To determine whether TSA enhances the effects of chaetocin in leukemia cell lines, the effects of the combination of the two compounds on apoptosis were evaluated. As shown in Fig.  4A , apoptosis was higher in myeloid cell lines treated with both chaetocin and TSA than in cells treated with chaetocin alone. These responses were accompanied by synergistically increased PARP cleavage as verified by Western blotting (Fig. 4B) , indicating that the antileukemic activity of the combined treatment was higher than that of the individual compounds. Additionally the combination of compounds caused more apoptosis in HL60, Kasumi, and K562 cells than in KG1 or THP1 cells (Fig. 4A) .
In HL60, K562, and particularly in Kasumi cells, the combination of chaetocin and TSA produced a markedly stronger re- expression of these genes than that achieved through treatment with chaetocin alone (Fig. 4C ). In addition, KG1 cells showed a significant increase in p15 expression. In contrast, combined treatment somehow did not increase activation of CDH1 and FZD9 genes in KG1 or THP1 cells, the results exposed to higher than untreated controls ( Fig. 2 and 4C ). Taken together, these findings can support greater activation of silencing genes in leukemia cells treated with a combination of chaetocin and TSA than in cells treated with chaetocin alone.
Co-treatment with chaetocin and TSA significantly increases loss of histone methyltransferase protein, resulting in reduced histone H3K9 methylation and increased histone acetylation A link between the growth inhibitory and apoptotic antileukemic activities that are associated with epigenetic inhibition and the reactivation of genes has been identified (19) . As shown in Fig. 5A , although TSA reduced histone methyltransferase levels in some myeloid cells, co-treatment with chaetocin and TSA produced a stronger reduction in SUV39H1 protein levels than treatment with either agent alone. Treatment of HL60, KG1, Kasumi, K562, and THP1 cells with a combination of chaetocin and TSA more strongly reduced histone H3K9 trimethylation, and more strongly induced increased histone H3K9 acetylation, than treatment with chaetocin alone (Fig. 5B) .
Co-treatment with chaetocin and TSA enhances antileukemic activity in cells derived from patients with AML The effects of chaetocin and TSA were assessed in leukemia cells isolated from fresh BM from seven patients with AML. The characteristics of the patients are summarized in Table 2 . As shown in Fig. 6A , chaetocin killed primary AML cells through induction of PARP cleavage and reduced SUV39H1 protein levels in a dose-dependent manner. The expression of SUV39H1 under the treatment of chaetocin at a concentration of 100 nM seem to be higher than no treatment, however, the densitometric analysis by Multi Gauge v3.2 software reveals that the expression of SU-V39H1 was decreased in a dose-dependent manner. In addition, combined treatment with chaetocin and TSA induced greater PARP cleavage and loss of SUV39H1 protein in AML cells than single agent alone. As shown in Fig. 6B , as measured by annexin V staining, indicating the stronger antileukemic activity of this combined treatment compared to that of the individual agents; although levels of apoptosis in normal leukocytes were no increase in the combination (data not shown). Note that all AML samples were sensitive to combined treatment, despite the heterogeneity of their biologic features: patients 1, 4, 6, and 7 were newly diagnosed with FAB M2; patient 2 had a mixed leukemia (T/myeloid); patient 3 had secondary AML arising from a cancer treated with chemoradiotherapy for 9 yr; and patient 5 had M4. Cells from the patients with M2 (P1, 4, 6, and 7), blast > 85% (P2, 4, and 7) or AML1-ETO fusion (P1) were more effectively killed by the combined treatment. Interestingly, the effect of combine treatment was observed not only in primary AML but also effective in secondary AML (P3). Concerning patient mutation status, only patient 6 carried three out of four gene mutations screened (FLT3-ITD, C/EBPα and NPM1). In addition, combined analysis of the activity of chaetocin and TSA in the total cells from the seven patients showed the combined treatment to be significantly superior to the individual agents (Fig. 6C ).
DISCUSSION
Chaetocin was significantly more potent in myeloid cells, as indicated by its dose-and time-dependent enhancement of apoptosis in human leukemia cells. Chaetocin induces apoptosis in leukemia cell lines in vitro and primary AML cells ex vivo has been reported (12) . Identification of an optimal combination therapy, in particular epigenetic th erapy is ongoing. To our knowledge, our study is the first to describe the combined effects of the HMT inhibitor chaetocin and the HDAC inhibitor TSA on apoptosis. Moreover, chaetocin was also effective in AML cells from patients, particularly when co-administered with TSA. As reported previously, chaetocin upregulates the transcription of death-receptor-related genes, leading to death receptordependent apoptosis (12, 17) . Pro-apoptotic activity of chaetocin may be mediated, at least in part, by inhibition of SUV39H1 HMT activity at the TSG promoter (11, 21) . Overexpression of SUV39H1 mRNA was found in AML cell lines (data not shown). Treatment of leukemia cell lines with the SUV39H1 inhibitor chaetocin reduced SUV39H1 levels and lowered H3K9 methylation in the p15, CDH1, and FZD9 promoters, thereby reactivating their expression. Furthermore, we demonstrated that chaetocin-mediated depletion of SUV39H1 was associated with increased apoptosis in AML cells from patients. The development of aberrant TSG silencing may stem from increased SUV39H1 binding and H3K9 trimethylation in their promoters as a result of interactions with DNA-binding proteins (5) . A possible candidate for targeting SUV39H1 to the p15, Evi1 interacts with SU-V39H1 and represses TGF-β-induced activation of the p15 promoter (22) . CDH1 promoter contains AML1-binding sites, and thus AML1 may recruit SUV39H1 to repress CDH1 expression (23) . Through methyl-H3K9 binding, MPP8 targets CDH1 gene promoter and modulates CDH1 gene expression (24) . FZD9 is activated by Wnt-2 and functions in Wnt signaling (25) . Although the mechanism by which recruitment of SUV39H1 inhibits FZD9 expression remains unknown, our findings demonstrate that chaetocin reduced SU39H1 protein, thereby reducing H3K9 methylation in the FZD9 promoter and resulting in FZD9 re-expression in leukemia cell lines.
Given the multiple effects of HDAC inhibitors on malignant cells, their true therapeutic potential most likely lies in combination with other anticancer drugs (26) . TSA is an antileukemic agent that has been reported to be a potent inducer or enhancer of differentiation in AML (27) . We therefore focused on the anticancer effect of the HMT inhibitor chaetocin in combination with the HDAC inhibitor TSA. Interestingly, high levels of apoptosis (at least 50% apoptotic cells) was detected in TSA-treated HL60, Kasumi and K562 cells, but not similarly treated KG1 or THP1 cells. So, while TSA showed potential as a single agent, combined treatment with chaetocin and TSA produced significantly stronger effects in HL60, Kasumi, and K562 cells compared to KG1 and THP1 cells (Fig. 4A) . Notably, the effect of these compounds on apoptosis was outstanding in Kasumi cells. About 70% apoptosis was observed in cells treated with individual agent, while apoptosis was almost maximal in cells treated with both agents. This may have been due to the fact that Kasumi cells carry an AML1-ETO fusion that predisposes myeloid precursors to transformation, and that turnover of the myeloid oncoprotein was induced by TSA (28) . Although TSA dramatically degrades AML1-ETO fusion prior to inducing apoptosis in Kasumi cells (28) , additional mechanisms underlying the induction of apoptosis by TSA and chaetocin in t(8;21) AML cell lines should be further investigated. Nevertheless, these finding also suggest that chaetocin and/or TSA may be a potent targeted therapies for leukemia, especially t(8;21) AML, as they target multiple pathways, including those inducing apoptosis.
Re-expression of epigenetically inactivated genes can result in the suppression of tumor growth or a sensitization to anticancer therapy. Compared to either agent alone, co-treatment with chaetocin and TSA produced greater responses. Therefore, chae- tocin and TSA cooperated in inducing TSG expression, which may potentially have contributed to the superior antileukemic activity of the combined treatment in HL60, Kasumi and K562 cells compared to KG1 and THP1 cells. Simultaneously, the greater decline in trimethylated H3K9 levels and increase in hyperacetylated H3K9 levels were found to relieve gene repression. Notably, the induction of apoptosis by the combination of chaetocin and TSA was correlated with the increased expression of these genes, in HL60, Kasumi and K562 compared to KG1 and THP1 cells (Fig. 4C) . The combination of TSA and chaetocin may induce transcriptional activation and activity of apoptotic proteins, thereby sensitizing cells to apoptosis (26) . In addition, the AML1-ETO fusion acts to repress the transcription of key regulatory genes such as C/EBPα, which regulates the cell cycle control and myeloid differentiation (29) . Inhibitors target this oncoprotein, resulting in greater derepression and cancer cell death. Kasumi cells co-treated with TSA and chaetocin exhibited greater expression of p15, CDH1, and FZD9 than similarly treated HL60 and K562 cells. The latter is known to trigger cell death though multiple mechanisms in transformed versus normal hematopoietic progenitor cells via ROS production selectively in cancer cells (12, (16) (17) (18) . The p15 gene regulates Rb function by modulating cyclin D-CDK4/6 complexes, thereby inhibiting cell growth (30) . The expression of CDH1 were decreased during tumor progression and metastasis in a variety of cancers (31, 32) . The loss of FZD9 in acute lymphoblastic leukemia was associated with increased in cell proliferation and cell cycle entry (33) . Chaetocin may modulate several of these mechanisms to increase apoptosis in response to TSA treatment. Reduced p53-triggered transactivation of p21 allows cells to reenter the cell cycle. TSA activates p53, thereby inducing apoptosis in colon cancer cells (34) . TSA upregulates p73 and induces Bax-dependent apoptosis in ovarian cancer cells (35) .
Consistent with the published reports (12, 18, 36, 37) , chaetocin and TSA has little effect in non-cancer cells, suggesting cancer-cell-specific cytotoxicity. In conclusion, the present study demonstrated that a combination of the HMT inhibitor chaetocin and the HDAC inhibitor TSA may provide effective treatment and enhance TSG reactivation in epigenetic therapies in leukemia cells. The reversal of SUV39H1-mediated gene repression by chaetocin in leukemia still needs to be clarified. In addition, more selective HDAC inhibitors should be tested. Recently, similar combined epigenetic therapy with an HMT EZH2 inhibitor and an HDAC inhibitor was reported to be effective in AML cells (19) .
Taken together, the findings presented in this study provide the rationale to design and implement further studies to investigate the in vivo antileukemic effects of combined chaetocin and TSA treatment.
